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ABSTRACT
The essential amino acid composition of plant foodstuffs is very important, especially
in the developing countries where people very heavily depend on plant proteins from a
single source. In these situations, it would be highly beneficial to 'engineer' the plant to
produce proteins with a balanced essential amino acid content.
Recombinant DNA technology and Agrobacterium-basQd vector systems offer a novel
approach to modify plant proteins. Several attempts with some encouraging results have
been made to express plant storage protein genes in transgenic plants. However,
improvement of the quality of plant protein using these techniques is in an early stage.
In this dissertation, the author tried to develop a system to improve the nutritional
value of plant proteins using synthetic genes by utilizing the current techniques of
recombinant DNA technology and Agrobacterium-based vector systems. Using a
synthetic gene (HEAAE-DNA), which is 292 basepairs long and encodes a protein
composed of about 80% essential amino acids, the author transformed potato plants
using an A. rhizogenes vector system and tobacco plants using an A. tumefaciens
vector system. Intact potato plants and tobacco plants were regenerated from hairy roots
infected with transformed A. rhizogenes and leaf-disks infected with transformed A.
tumefaciens, respectively. Tubers from regenerated potato plants and leaves from
regenerated tobacco plants were subjected to analysis for introduction and expression of
this gene. Integration of the gene into the plant genome and its expression into mRNAs
and HEAAE-proteins have been demonstrated in both cases using Southern, northern
and western analysis. Densitometric analysis of western blot data has shown that the
HEAAE-proteins comprise up to 0.65% of the total plant proteins. The significant
improvement of essential amino acid content of plant foodstuffs has not been achieved
due to a low level of expression. However, a system has been developed to improve the
nutritional value of plant fooodstuffs using synthetic genes which, we hope, will
eventually produce nutritionally complete plant proteins.
vii

INTRODUCTION
1. Background
PROTEIN NUTRITION.

There are twenty common amino acids which are utilized in the fabrication of
proteins, but virtually all members of the animal kingdom are incapable of manufacturing
some amino acids. These are called essential amino acids as they are essential
ingredients of the diet. It is generally agreed that humans require eight (Isoleucine,
Leucine, Lysine, Methionine, Phenylalanine, Threonine, Tryptophan, and Valine) of the
twenty amino acids in their diet (Arroyave, 1975). A nutritionally adequate diet must
include a minimum daily consumption of these amino acids (Fig. 1). When diets are
high in carbohydrates and low in proteins for an extended time this results in deficiencies
of essential amino acids and leads to a condition called 'Kwashiorkor' meaning 'deposed
ESSENTIAL
AMINO ACID

REQUIREMENT IN GRAMS/DAY

Isoleucine

0.84

Leucine
Lysine

1.00

1.32

Methionine/cysteine

0.84
mm:

Phenylalanine/Tyrosine
Threonine
Tryptophan
Valine

1.20

0.80
0.26
tsmssssSisSSsssf&

0.80

Fig. 1. A minimum daily consumption o f essential amino acids: The daily essential amino acid
requirements for a 20kg child as listed are those necessary to maintain good health and normal growth
and development as established by FAO. The amino acid histidine has not been shown as it is generally
regarded as essential in humans for only the first three months of life. The intake o f cysteine and tyrosine
can reduce the requirement for methionine and phenylalanine, repectively.
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child'. This malnourished state is more often found in children than adults because of
their great need for essential amino acids during growth and devolpment. A 90 kg adult
male's daily essential amino acid requirement, to maintain good health, would be
approximately the same as for 20 kg child, which emphasizes the extreme importance of
an adequate diet during early life. The National Academy of Sciences estimates that
perhaps as many as a billion people in the world suffer from chronic malnutrition. The
geographical regions of the world where malnutrition is most common are the
developing nations which are composed of the countries on the South American,
African, and Asian continents.
For normal physical and mental maturation, a balanced daily source of essential
amino acids is a requisite. This feature of the diet is as important as total protein quantity
or total calorie intake. Some foods, such as milk, eggs, and meat, have very high
nutritional values because they contain a high level of essential amino acids (Hansen et
al., 1979). On the other hand, most foodstuffs obtained from plants possess a poor
nutritional value because of their relatively low content of some essential amino acids
(Fig. 2). Generally, the essential amino acids which are found to be most limiting in
plants are isoleucine, lysine, methionine, threonine, and tryptophan.
In contrast to the Western world, where the diet is composed of a mixture of a wide
range of animal and plant proteins, a single crop can comprise up to 80-90% of the total
food intake by the human population inhabitating many developing countries. For
example, rice is the major staple in Asia while potatoes are the staple in the Andean
region of South America. Since people living in these areas of the world depend on
plant proteins from a single source, its essential amino acid composition becomes very
important. In these situations, it would be highly beneficial to 'engineer' the plant to
produce proteins with high essential amino acid content.
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Fig. 2. The essential amino acid content from common plant foodstuffs: The essential amino acid yield
was determined by calculating the content o f each o f the essential amino acids of the proteins in the
amount o f cooked foodstuff sufficient to provide 20% o f the daily caloric requirement for a 20kg child.
This would be about 325gms. o f cassava, 500gms o f com, 600gms of potatoes, and 375 gms. of rice.

PLANT PROTEIN IMPROVEMENT B Y GENETIC ENGINEERING.

There has been little success in the improvement of the quality of plant proteins by
the science of plant breeding. The classical plant breeder is limited by the gene pool
found within the closely related species capable of sexually exchanging genes by
cross-fertilization. Furthermore, this technique may take as long as ten years to
introduce, select, and establish a particular trait into a plant cultivar, and some traits are
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impossible to incorporate by these traditional techniques (Harlan, 1976). An alternative
method has been developed recently: recombinant DNA technology. This new
technology offers the possibility of introducing a single trait, without altering other
agromonically important characters of the plant, into a well accepted or traditional
variety, allowing for a method of 'fine-tuning' specific genotypes. Rapid progress is
being made in developing the tools for manupulating the genetic information of plants by
these techniques which, in many cases, employ an Agrobacterium - based vector system.
Agrobacterium spp., often regarded as Nature's first 'genetic engineers', allow the
exploitation of recombinant DNA technology for plant improvement (Goodman et al.,
1987). Several species have been shown to affect plant growth and development.
Agrobacterium rhizogenes causes a proliferation of roots at the point of infection on the
host plant and this response has been termed 'hairy root'. The etiology of hairy root is
quite distinct from that of crown gall which is caused by Agrobacterium tumefaciens.
The genes causing changes in the growth characteristics of infected plants have been
shown to be located on large plasmids in both A. rhizogenes and A. tumefaciens
(Kado, 1976). Most importantly, a discrete portion of this plasmid DNA (called
T-DNA) is found to be incorporated into the genome of the infected plant, a process
known as 'plant transformation'.
One strategy for introducing foreign DNA into a plant (Fig. 3), by means of
Agrobacterium plasmids, is to utilize a small plasmid suitable for cloning into a
common bacterium (E. coli), into which a known fragment of T-DNA has been cloned.
The recombinant plasmid is isolated and cleaved open at a site in the T-DNA segment,
into which the 'target' DNA is cloned. The resultant plasmid is introduced into an
Agrobaterium strain carrying a wild type plasmid. Inside Agrobacteria a rare
double-recombination event will sometimes take place yielding a clone of bacteria whose
T-DNA harbors the target DNA and can be termed an engineered plasmid. Such bacteria
are used to infect plants where their engineered T-DNAs are incorporated into plant
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■T-DNA fragment

target DNA

recombinant
plasmid
engineered plasmid
wild-type
rplasmia

Agrobacterium
plant cell
double crossover

target DNA

engineered
plasmid

transformed plant cell

I

regenerated intact plant

Fig. 3. A strategy to introduce a foreign gene into a plant using an Agrobacterium vector system.

genomes (Chilton, 1983). Thus, plant genes can be cloned, genetic regulatory signals
elucidated, and genes transferred from entirely unrelated organisms to confer new
agriculturally useful traits into crop plants utilizing these techniques. In spite of all this
potential and rapid progress, there are few examples in which intact or modified plant
storage protein genes have been successfully transfered by this method. The first attempt
utilized the phaseolin gene, bean storage protein, which has been expressed in sunflower
calli (Murai et al., 1983). In this case, only proteolytic degradation products have been
detected by phaseolin antibody. This gene was also expressed in transformed tobacco
plants (Chee and Slightom, 1986) and transformed tobacco seeds, although in the latter
case 70% of the proteins were degradation products (Segupta-Gopalan et al., 1985).
Another bean storage protein, p-conglycinin, has also been expressed in seeds of
transgenic petunia plant (Beachy et al., 1985). Zein, the maize storage protein, has been
expressed in transgenic sunflower plants. But, the presence of the zein protein in
sunflower tissue could not be demonstrated, although the zein mRNAs isolated could be
translated in a wheat germ system to yield an immunoprecipitable protein of the expected
molecular weight. (Matzke et al., 1984 and Goldsbrough et al., 1986). Recently the
patatin gene, which encodes the potato tuber storage protein, under regulation of a 5'
upstream region of ST-LS1 (specifically expressed a leaf/stem gene from potato) has
been expressed in transgenic tobacco plants with the result of leaf/stem specific
expression of this gene (Rosahl et al., 1987).

GENE DESIGN AND SYNTHESIS.

Two decades ago, the chemical synthesis of oligodeoxyribonucleotides did not have
any obvious biological application. But, there is hardly a field in biology in which
synthetic DNA has not been used or does not have the potential to be used. The great
demand for synthetic oligonuceotides has motivated chemists to introduce solid-phase
chemistry, to automate the process of DNA synthesis and to improve yield per cycle

which enables the synthesis of longer DNA sequences (Itakura et al., 1984). The
difficult part of the chemical synthesis of oligonucleotides was in the preparation of
reagents and protected nucleotides. Fortunately, these chemicals are now commercially
available. As a result of automation of the machine and the commercial availability of
reagents, it is fairly easy to synthesize DNA fragments with an individual length up to
100 bases even for a person with relatively little chemical synthesis experience (Brown
et al., 1979).
By virtue of recombinant DNA technology and the Agrobacterium-based vector
systems, it has become routine in many laboratories to introduce a foreign gene into
plants. The source of potentially useful genes within plant species is large, but
identification of these genes remains difficult. Synthetic oligonucleotides have great
potential to aid in the identification of useful genes or can be used directly instead of
these genes. Several attempts have been made to express the plant storage protein genes
in transgenic plants to improve the plant proteins. However, all plant storage proteins
are deficient in some of the essential amino acids. An alternative method to improving
the plant proteins is to modify the existing genes using synthetic oligonucleotides or to
synthesize the desirable genes which can then be introduced into transgenic plants
resulting in the improvement of plant proteins. In these cases, the design of a useful
synthetic protein must take into consideration the total amino acid composition of plant
proteins because plant proteins are deficient in more than a single essential amino acid.
To improve the nutritional value of plant proteins, a synthetic gene, 292 bp long,
has been constructed, cloned, and expressed in bacteria. This novel gene codes for
proteins with a high content of essential amino acids found to be most deficient in
plant-derived protein (Jaynes et al., 1985). This was done in bacteria first in order to
facilitate the analysis of the gene and its protein product. The DNA sequence of the gene,
called HEAAE-DNA (High Essential Amino Acid Encoding-DNA), and resultant
protein sequences are shown in Fig.4. Proteins A and B represent sequences derived
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READING DIRECTION OF TOP STRAND (A)->->->
AATTCGGGGATCGTAAGAAATGGATGGATCGTCATCCATTTCTTCATCCATTTCTTAC
GCCCCTAGCATTCTTTACCTACCTAGCAGTAGGTAAAGAAGTAGGTAAAGAATG
GATCCATCCATTTCTTAAGAAATGGATGAAGAAATGGATGACGATCCATCCATTTCTT
CTAGGTAGGTAAAGAATTCTTTACCTACTTCTTTACCTACTGCTAGGTAGGTAAAGAA
CATCCATTTCTTCATCCATTTCTTACGATCAAGAAATGGATGAAGAAATGGATGAAGA
GTAGGTAAAGAAGTAGGTAAAGAATGCTAGTTCTTTACCTACTTCTTTACCTACTTCT
AATGGATGAAGAAATGGATGCATCCATTTCTTAAGAAATGGATGAAGAAATGGATGAA
TTACCTACTTCTTTACCTACGTAGGTAAAGAATTCTTTACCTACTTCTTTACCTACTT
GAAATGGATGACGATCGATCGTAAGAAATGGATGACGATCCATCCATTTCTTACGATC
CTTTACCTACTGCTAGCTAGCATTCTTTACCTACTGCTAGGTAGGTAAAGAATGCTAG
CCCG
GGGCTTAA
<-<-<-READING DIRECTION OF BOTTOM STRAND(B)
SEQUENCE OF PROTEIN A->->->
GlyAspArgLysLysTrpMetAspArgHisProPheLeuHisProPheLeuThrlleHisProPheLeu
->LysLysTrpMetLysLysTrpMetThrIleHisProPheLeuHisProPheLeuHisProPheLeuThr
->IleLysLysTrpMetLysLysTrpMetLysLysTrpMetLysLysTrpMetHisProPheLeuLysLys
->TrpMetLysLysTrpMetLysLysTrpMetThrIleAspArgLysLysTrpMetThrIleHisProPhe
->LeuThrIlePro
SEQUENCE OF PROTEIN B->->->
GlyAspArgLysLysTrpMetAspArgHisProPheLeuThrlleAspArgHisProPheLeuHisPro
->PheLeuHisProPheLeuLysLysTrpMetHisProPheLeuHisProPheLeuHisProPheLeuHis
->ProPheLeuAspArgLysLysTrpMetLysLysTrpMetLysLysTrpMetAspArgHisProPheLeu
->HisProPheLeuLysLysTrpMetAspArgLysLysTrpMetLysLysTrpMetThrIleHisProPhe
->LeuThrIlePro

Fig. 4 . The nucleotide sequence o f HEAAE-DNA and the derived protein sequences: The HEAAE-DNA
yields two proteins designated A and B and one or the other will be produced depending upon the
orientation o f the gene when it is fused to the plant-gene promotor. Protein A, the best so far analyzed, is
composed o f about 80% essential amino acids.
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Fig.5. Comparison o f the percent composition of essential amino acids in the synthetic protein A and B
with those o f some common foods: Synthetic protein A is composed of almost three times the content of
these most important essential amino acids than is beef protein.

from both possible reading directions of the HEAAE-DNA. That is, HEAAE-DNA was
constructed symmetrically so that a protein, containing a high content of essential amino
acids, would be produced no matter which strand of the synthetic DNA was ultimately
read by the cell's protein synthesis machinary. The compositions of protein A and B, for
the five most deficient essential amino acids of plant-derived proteins, are compared with
those found in proteins from several foods (Fig. 5). Beef protein has been shown for
comparison purposes as it is composed of an unusually high content of these essential
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amino acids. Proper supplementation of plant-derived foods with proteins encoded by
these synthetic gene fragments would markedly improve their essential amino acid
balance. This method of gene synthesis is flexible enough to produce proteins possessing
any particular amino acid composition. Therefore, proteins could be specifically designed
to supplement any desired animal feed or human food. It should be pointed out that the
insertion of lysine at frequent intervals in these synthetic proteins provides numerous sites
for proteolytic attack by trypsin.

2. Experimental Overview
In this dissertation, the author tried to develop a system to improve the nutritional
value of plant proteins using synthetic genes. The ultimate goal is to engineer the plant to
be nutritionally complete protein foodstuff. A similar strategy as described in Fig.3. has
been used to transform potato and tobacco plants with HEAAE-DNA (Yang et al., 1987).
First, HEAAE-DNA was cloned within the coding sequence of chloramphenicol acetyl
transferase (CAT) gene to make it easier to detect its expression. With regard to the
transformation of potato plants, an A. rhizogenes vector system was used. HEAAE-DNA
was cloned into the CAT gene of a plant vector (pGA414) utilizing the nopaline
synthetase promotor and 3' polyadenylation signal sequences of nopaline synthetase gene
for transcriptional control. This recombinant plasmid was then inserted into another
plasmid (pFW105) in the middle of T-DNA segment. The resultant plasmid was
introduced into wild type A. rhizogenes carrying root-inducing (Ri) plasmid, which was
used to infect potato plants. Hairy roots were induced from the infection sites and intact
potato plants were regenerated from them using plant tissue culture techniques.
In the case of tobacco plant transformation, an A. tumefaciens vector system was
employed. CAT+HEAAE-DNA was cloned into a disarmed A. tumefaciens plasmid
vector (pMON 237) utilizing 19S promotor of cauliflower mosaic virus (CaMV) and 3'
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polyadenylation signal sequences of nopaline synthetase gene for transcriptional control.
The vector contains the neomycin phosphotransferase II (NPTII) gene under the control
of the nopaline synthetase promotor and 3' end of nopaline synthetase gene. The
presence of this gene allowed for the selection of transformed plants by their resistance to
kanamycin. The plasmid, pMON 237, containing HEAAE-DNA was then introduced into
the wild type A. tumefaciens strain carrying the tumor inducing (Ti) plasmid. Using
leaf-disk transformation and regeneration method (Horsch et al., 1985) tobacco leaf disks
were infected with A. tumefaciens containing HEAAE-DNA within the tumor inducing
(Ti) plasmid, and from that, intact tobacco plants were regenerated.
Tubers from regenerated potato plants and leaves from regenerated tobacco plants
were subjected to analysis for HEAAE-DNA integration into the plant genome and its
subsequent expression into mRNAs and proteins by Southern, northern and western blot
analysis, respectively. In Southern analysis, the integration of the gene into the plant
genome was demonstrated by hybridization of plant nuclear DNAs with a CAT probe and
synthetic oligonucleotide probe specific to HEAAE-DNA. Messenger RNAs, with the
expected length for CAT+HEAAE-DNA, have been detected by the hybridization of poly
A+ RNAs with CAT probe in northern blot analysis. Proteins have been analyzed by
western blot analysis using antibodies against CAT protein. In this case, CAT+HEAAE
proteins, with the expected molecular weight (38 kdaltons), have been detected.
Densitometric analysis of western blot data has shown that HEAAE-proteins comprise
about 0.02-0.65% of the total plant protein. By calculation, there would be up to 1.1
percentage increase of essential amino acids in transgenic plants. Although significant
improvement of essential amino acid content in potato plant protein has not been achieved
due to the low level of expression, a system has been developed which should in time
improve the quality of the plant proteins by using synthetic genes.

MATERIALS AND METHODS

I Materials.
A. Chemicals.
Agarose, ammonium persulfate, ethidium bromide and cesium chloride used for
gel electrophoresis were purchased from Bethesda Research Laboratories. Acrylamide,
N',N'-Methylenebisacrylamide, and TEMED used for polyacrylamide gel
electrophoresis were purchased from Bio-Rad Laboratories. Antibiotics (ampicillin,
kanamycin, carbenicillin, gentamycin, tetracycline, spectinomycin, chloramphenicol,
cefoxitin) were purchased from Sigma Chemical Co. or Calbiochem. Chloramphenicol
acetyl transferase (CAT) for producing antibody and standard molecular weight marker
was purchased from Sigma Chemical Co. Restriction enzymes and enzymes for cloning
were purchased from Bethesda Research Laboratories or New England Biolabs, Inc..
Chemicals for tissue culture were purchased from GIBCO Laboratory. Enzyme
conjugate (goat anti-rabbit IgG, peroxidase conjugated), used for detection of protein,
was purchased from Cooper-Worthington.

B. Radioactive Materials.
a -32P-deoxyNTP and y-32P-ATP were purchased from ICN Biochemical Inc.
with the specific activity of >2,000 Ci/mM and 2,000-5,000 Ci/mM, respectively.

C. Oligonucleotides.
The oliogonucleotide used for the HEAAE-DNA specific probe was synthesized
by a DNA synthesizer (Applied Biosystems Model 380A) and purified according to the
manufacturer's manual. The sequence of the oligonucleotide is
a ttc ttta c c ta c c ta

.
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D. CAT specific antibody
Two New Zealand white rabbits were immunized intramuscularly with 36 (ig/mi
chloramphenicol acetyl transferase (CAT) in Freund's Complete Adjuvant. Each rabbit
received a second (36 fig of CAT in Freund's Incomplete Adjuvant intramuscularly)
and final (36 fig of CAT in 0.15M phosphate-buffered saline subcutaneously)
immunization 3 and 7 weeks following the first. The rabbits were then bled by cardiac
puncture while under fentamyl-inapsine restraint 3 days after the final inoculation.

E. Bacterial strains and vectors.
E.coli HB101 was used as the host cell of pGA414, pGA415.10.2(3) and
pFW105.10.2(3). E.coli MM294 was used as the host cell of pMON237 and
pMONP237.
Agrobacterium rhizogenes R 1000 was used as a wild type Agrobacterium
rhizogenes and the host cell of pFW105.10.2(3). Agrobacterium tumefaciens GV3111
was used as a wild type Agrobacterium tumefaciens and the host cell of pMONP 237.
Plasmid pGA414 contains the CAT structural gene with the nopaline synthetase
promotor and 3' nopaline synthetase polyadenylation signal sequences. For selection
purposes the plasmid also contains ampicillin and kanamycin resistance genes. pFW105
is a wide host range plasmid and has a fragment (Hind III 17) of T-DNA of A.
rhizogenes R1000. It also has tetracycline resistance gene for selection purpose. pPHl JI
has a gentamycin resistance gene and is incompatible with pFW105, so it was used to
exclude the plasmid pFW105 derivatives. pMON237 is a disarmed A. tumefaciens
vector and graciously provided by Monsanto Company. It contains a 19S cauliflower
mosaic vims promoter and 3' polyadenylation signal sequences of nopaline synthetase
gene with a polylinker between them for cloning purposes. As a selection marker, it has
a spectinomycin/streptomycin resistance gene as well as a kanamycin resistance gene
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with the nopaline synthetase promotor and the 3' end of nopaline synthetase gene, which
is used to select the transformed plants by kanamycin resistance. Batcterial genotypes
and vector restriction maps are shown below.
E.coli HB101: hsdR", hsdM", recA13, supE44(su2+), lacZ4, leuB6, proA2,
thi"l(Bl").
E.coli MM 294: pro", bl", endA", hsrK", hsmK"
A. tumefaciens GV3111: pTiB6S3SE, Tetra, Cmr, Kmr.

F. Plants.
The potato plants used in this study were K-2 (AH-78.5262) and K-7
(AH-79.5503). These were provided by International Potato Center, Lima, Peru.
Tobacco plants used in the research were W 38, which were kindly provided by Dr.
Hector Flores of the Department of Plant Pathology, Louisiana State University.

G. Media composition for bacteria.
YM medium was prepared as follows: 0.5 g KH2P 0 4, lOg mannitol, 2 g
1-glutamate, 0.2 g NaCl, 0.2 g MgS04, and 0.3 g yeast extract were dissolved in 1
liter of water and the pH was adjusted to 7.0.
MM medium was prepared in the same fashion as YM medium except lmg of
biotin/1 liter was used instead of yeast extract.
Luria Broth (LB) was prepared by dissolving lOg Bacto tryptone, lOg NaCl, and
5 g yeast extract in 1 liter of water and adjusting the pH to 6.8-7.2.
YML was prepared by mixing YM and LB (1:1).
MML was prepared by mixing MM and LB (1:1).
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II. Instrumentation and Equipment.
All the important instruments and equipment used in the study are listed below.

Name

Seyms

Specification

Ultracentrifuge

Sorvall

OTD75B

Ultracentrifuge

Beckman

L5-75/L5-50B

DNA Synthesizer

Applied Biosystems

380A

U.V.Camera

Fotodyne

3-4400

Electroblotter

Hoeffer

Model TE 50

Growth Chamber

Environmental Growth Chanber

Model G10

Gyrotory waterbath shaker

New Brunswick

Liquid Scintillation counter

Beckman

Ultra low Freezer

Revco

Ultra Low Freezer

Kelvinator

100

Homogenizer

Brinkman

Model PT 45/80

Nitrocellulose Filter paper

Schleicher & Schuell

88X88Cm

X-Ray film

Kodak

XRP-5 35X43Cm.

Land pack film

Polaroid

Type 667

Densitometer

Joyce Loebl

Ephortec

LS-250

IQ. Methods.
A.

HEAAE-DNA Expression in Potato Plants Using an A. rhizogenes

Vector System.
1. Construction of Recombinant DNA.
Figure 7 illustrates the overall strategy of how to construct the recombinant DNA,
pFW105.10.2(3), and introduce it into A. rhizogenes. To transform plants with the
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Fig. 7. The overall strategy to construct the recombinant DNA, pFW105.10.2(3), and introduce it into A.
rhizogenes R1000.
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Agrobacterium-based vector system, two components are required. First, a promotor
which is actively expressed in plant cells. Second, a strategy to put our target gene in the
middle of T-DNA of the Agrobacterium plasmid, which eventually is incorporated into
the plant genome. In this experiment, pGA414 was used as a starting vector. pGA414 has
a nopaline synthetase promoter which is widely used as a plant promotor, and the 3' end
of nopaline synthetase gene for polyadenylation signal. As a structural gene, it has the
chloramphenicol acetyl transferase (CAT) gene. pGA414 has only one EcoRl site in the
middle of the CAT gene, which can be used to clone the HEAAE-DNA in phase, so it will
produce CAT-HEAAE fused protein. In order to put the target gene in the middle of
T-DNA of Agrobacterium plasmid, plasmid pFW105 was used. It is a wide host range
plasmid, so it can replicate in Agrobacteria. It also has a T-DNA fragment which comes
from T-DNA of wild type Agrobacterium rhizogenes R1000 in order to introduce the
target gene into the Agrobacterium plasmid through the double recombination. pFW105
has only one BamHI site in the middle of the T-DNA fragment, which can be used as a site
to clone the target gene.
Synthesis of the HEAAE-DNA and its cloning in pBR325 has been described
previously (Jaynes, et al., 1985). pBR325 containing HEAAE-DNA was called sP547.
HEAAE-DNAs were cut out from sP547 using EcoRl and purified. pGA414 was cut with
EcoRl, which has only one EcoRl site in the CAT structural gene in pGA414, and treated
with calf alkaline phosphatase (CAP) to avoid its religation. Purified HEAAE-DNAs and
CAP treated pGA414 were mixed and ligated. Ligation reaction was diluted 5 times with
TE buffer (lOmM Tris pH 8.0, ImM EDTA) and used to transform E.coli HB101.
Transformants were selected by their resistance to ampicillin and kanamycin. To confirm
the existence of HEAAE-DNA, transformants were miniscreened by digestion of plasmids
with Eco RI and agarose gel electrophoresis (Maniatis et al., 1982a): Transformants were
inoculated in 5 ml LB with ampicillin (50|J.g/ml) and kanamycin (5O|0.g/ml) and incubated
37 °C overnight while shaking. The cells were harvested and plasmids were isolated. The
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isolated plasmids were digested with EcoRl and analyzed by 1% agarose gel
electrophoresis. The resultant plasmid was called pGA415.10.2 or pGA415.10.3
depending upon the orientation of HEAAE-DNA. The plasmid which would produce
protein sequence A (see INTRODUCTION) was called pGA415.10.3 and the plasmid
called pGA415.10.2 which would produce protein sequence B. The orientation was
determined by restriction mapping (strategy to determine the orientation is described in
RESULT). Each of pGA415.10.2 and pGA415.10.3 were selected and used to construct
pFW105.10.2 and pFW105.1Q.3, respectively. The plasmid pGA415.10.2(3) was cut
with BamHI and cloned into BamHI site of plasmid pFW105, which was already digested
with BamHI and treated with calf alkaline phosphatase to avoid religation of itself. E. coli
HB101 was used as host. Transformants were selected by their resistance to ampicillin,
kanamycin, and tetracycline. The resulting plasmids were called pFW105.10.2 and
pFW105.10.3, respectively.

2.

Transformation of A. rhizogenes R1000 with

pFW105.10.2(3).
Purified plasmid pFW105.10.2(3) was used to transform wild type Agrobacterium
rhizogenes R1000 as follows: Agrobacterium rhizogenes R1000 was inoculated into 50
ml of YML and incubated at 28°C overnight while shaking. It was transferred into fresh
500ml of YML medium and incubated at 28°C for four hours to place them in log phase.
The culture was centrifuged at 5,000 rpm for 10 min. at room temperature and
resuspended in fresh 5 ml of YM medium. 0.3ml of suspended cells was mixed with 5pl
(2|ig) of plasmid pFW105.10.2(3), which was immediately put into an ethanol-dry ice
mixture for 5 min. and then placed at 37°C for 25 min. 75j l l 1 of the mixture was spread on
YML (without MgS04) agar plate containing carbenicillin (200jig/ml), kanamycin
(50|ig/ml) and tetracycline (35fXg/ml). The plates were incubated at 28°C for 2-3 day
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Resulting colonies were patched on YML (without MgS04) plates containing carbenicillin
(200jig/ml), kanamycin (50|ig/ml) and tetracycline (35|J.g/ml) and incubated at 28°C fo:
2-3 days.

3. Selection of double recombinants.
When recombinant DNAs, pFW 105.10.2(3), are introduced into A. rhizogenes
R1000 by transformation, there will be two types of plasmid inside A. rhizogenes: wild
type root inducing (Ri) plasmid and pFW105.10.2(3). Since there are homologous
sequences between them, there will be rare double recombination between homologous
sequences. As a result, some of transformed Agrobacterium rhizogenes will have
'engineered Ri plasmid' which contains the target gene in the middle of T-DNA, and which
has the potential to be incorporated into the plant genome. To select Agrobacterium
rhizogenes which contains engineered Ri plasmid, plasmid pPHl JI was used. Since
pFW105 can replicate in Agrobacteria, it is not enough to select Agrobacteria resistant to
kanamycin and ampicillin. If Agrobacteria resistant to kanamycin and ampicillin are
selected, Agrobacteria containing intact pFW105.10.2(3) as well as Agrobacteria
containing engineered Ri plasmid will be selected. To eliminate this possibility, plasmid
pPHlJI, which is, both incompatible with pFW 105 and contains gentamycin resistance
gene was used. pPHlJI was introduced into Agrobacterium rhizogenes containing
pFW105.10.2(3) by conjugation and they were incubated for several generations to allow
expression of incompatibility. After that, Agrobacterium rhizogenes resistant to ampicillin,
kanamycin, and gentamycin were selected. A. rhizogenes resistant to ampicillin,
kanamycin, and gentamycin and sensitive to tetracycline can result only if the target gene
containing ampicillin and kanamycin resistance genes is incorporated into wild type Ri
plasmid and pPHlJI eliminated pFW105 derivatives.
Agrobacterium rhizogenes containing pFW105.10.2(3) were conjugated with
pPHlJI as follows; Agrobacterium rhizogenes containing pFW105.10.2(3) were
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inoculated into 10 ml of MM medium containing carbenicillin (200jig/ml) and kanamycin
(50|ig/ml) and incubated at 28C° overnight with shaking. E.coli containing pPHlJI were
inoculated into 10 ml of LB and incubated at 28°C overnight with shaking. The cells were
spun down and washed with 0.02M phosphate buffer (pH 7.0) and resuspended in 1 ml of
0.02M phosphate buffer (pH 7.0). 0.1ml of the mixture was dropped on sterile DEAE
membrane filter onto a LB agar plate, which was incubated overnight at 28°C. Filters were
taken out and cells were washed off with 1ml of 0.02M phosphate buffer (pH7.0). 0.1ml
of it was inoculated into 10ml of MML medium and incubated at 28°C overnight while
shaking. 0.1ml of this culture was taken out of the culture medium and inoculated into
10ml of MML medium, which was then incubated at 28°C overnight while shaking. This
was repeated several times to allow the time enough to express the incompatibility of
pPHlJI and pFW105.10.2(3). After that, 0.1ml of the culture was spread on MM agar
plate with carbenicillin (200 (ig/m), kanamycin (50 |ig/ml), and gentamycin (50Mg/ml).
Putative conjugants were picked and patched on MM agar plates with carbenicillin
(200|J.g/ml), kanamycin (50|ig/ml) and gentamycin (50 (ig/ml). To check that no pFW 1
derivatives remained, the conjugants were patched on YML (except MgS04) agar plates
with tetracycline (35p.g/ml).
To confirm that there were HEAAE-DNAs in Ri pasmid of the conjugants, Ri
pasmids were isolated from the conjugants as folows: A single colony was inoculated in 5
ml of YM medium with carbenicillin (200jig/ml), kanamycin (50|ig/ml) and gentamycin
(50|Xg/ml) and incubated at 28 °C overnight while shaking. The cells were spun down an
washed one time with TE buffer (50 mM Tris-HCl pH 8.0,20mM EDTA). The cells were
suspended in remaining TE buffer by vortex. Two ml of lysis buffer (50 mM Tris-NaOH
pH 12.4,20 mM EDTA, 1% SDS) was added and mixed. The mixture was placed at 37°C
for 20 min.. 0.12 ml of 2 M Tris-HCl (pH 7.0) and 0.2ml of 5M NaCl were added
stepwise, and the mixture was shaken gently and centrifuged. The aqueous supernatant
was removed and DNA precipitated by adding 2 volumes of 95% ethanol. The DNAs
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were recovered by centrifugation, dried in vacuum and resuspended in 0.1-0.2 ml of TES
buffer (50 mM Tris-HCl pH 8.0,5 mM EDTA, 50 mM NaCl). The purified DNAs were
digested to completion with BamHI, fractionated on 0.8% agarose gel, and blotted on a
nitrocellulose filter (Southern, 1975). The filter was hybridized with either the
HEAAE-DNA probe or the CAT gene probe (Maniatis et al., 1982b). The HEAAE-DNA
probe prepared by digesting sP547 with EcoRl and purifying 292 basepairs insert by
electroelution, was labelled with y-32P-ATP with T4 kinase (Maniatis et al., 1982c). The
CAT gene probe was prepared by digesting pBR 328 with Hha I and purifying the 1350
basepairs fragment by electroelution which contains the CAT gene. It was labelled by nick
translation using a -32P-dATP (Maniatis, et al., 1982d). To confirm the absence of
pFW105 derivatives, plasmid DNAs were isolated, purified and digested with BamHI as
above. They were fractionated on 0.8% agarose gel,and Southern-blotted on a
nitrocellulose filter (Southern, 1975), which was hybridized with a tetracycline resistance
gene probe (Maniatis et al., 1982b). This probe was prepared by digesting pBR 322 with
EcoRV and Aval and purifying 1240 basepairs fragment by electroelution. The probe was
labelled by nick translation using a -32P-dATP (Maniatis et al., 1982d).

4. Infection with A. rhizogenes and Regeneration of Potato
Plants.
In vitro plants used in this study were taken from in vitro storage and nodal
cuttings were transferred to propagation medium. Normally 4 nodal cuttings were
inoculated into each test tube containing 4 cm3 of propagation medium. The plants were
maintained at 22°C under 16 hours a day at 3000 lux illumination. Under these conditions,
the young plantlets develop rapidly and provide sufficient material to start shaken liquid
cultures. Whole stem pieces of in vitro plantlets obtained in stage 1 that have had the roots
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removed, can be layered into a liquid propagation medium. The flasks were agitated on an
orbital shaker at 80 rpm, under 16 hour day (3000 lux) at 22° C. The axillary buds grew
rapidly and in two or three weeks the flasks were filled with plantlets. In vitro tubers
were induced from these plantlets.
In vitro plants approximately 6 cm in length were wounded with a sterile needle and
a small quantity of Agrobacteria inoculated into the wound. After that, incubation
continued. After hairy roots reached a length of approximately 7 cm, they were carefully
cut into 4-6 cm long sections and inoculated onto the surface of generation medium (Table
1) in sterile 9 cm petri dishes. Tubers were induced on resulting plantlets by addition of
CCC (chloro choline chloride) to the medium and increases the concentration of sucrose
and benzylaminopurine threefold. This addition could be achieved in two ways, firstly by
removing the existing propagation medium and replacing it with medium containing CCC,
BAP and 8% sucrose or, secondly, by adding stock CCC, BAP and sucrose solution to
the flask containing the original propagation
medium. The flasks, after addition of CCC stimulus, were transferred to total darkness
without agitation at 22°C. In vitro tuber formation was analyzed 8-10 weeks later.

5.

Detection of HEAAE-DNA Integration and its Segregation in

Transformed Potato Plants.
To determine whether HEAAE-DNA was incorporated into the plant genome, in
vitro tubers were harvested and DNAs were extracted as follows: 10 g of fresh plant tissue
were frozen with liquid nitrogen and ground in cold mortar and pestle. 25 ml of
homogenization buffer (20 mM MES, 20 mM KC1,25 mM NaCl, 10 mM
P-mercaptoethanol, 600 mM sucrose, 40%(v/v) glycerol, 400 |ig/ml EtBr) were added anc
mixed by inverting gently. The homogenate was filtered through two layers of cheese
cloth and centrifuged at 1500g for 30 min. at 4°C. The supernatant was discarded and
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Table 1. Composition o f culture media for potato tissue culture: it was based on Murashige and Skoog
media with additions as indicated. Media were sterilized by autocalving for 15 min.. All numbers are in
ppm unless otherwise indicated.

MS+

Inositol
Ca-Panthothenic acid

Propagation

Propagation

In vitro

Regenaration

nodes

liquid

tuberization

from roots

100.0

100.0

100.0

100.0

2.0

2.0
5.0

1.0

Benzylaminopurine

0.5

Gibberillic acid

0.4

Naphthaline acetic acid

0.01

Indole acetic acid

1.0

Chlorocholine chloride

500.0

Thiamine

0.4

0.4

0.4

0.4

Sucrose (%)

3.0

2.0

8.0

0.5

Agar (%)

0.8

pH

5.5

0.8
5.5

5.5

5.5

7.5ml of nuclei lysis buffer (100 mM Tris-HCl pH 8.0, 20 mM NaCl, 10 mM EDTA,
l%(w/v) lauryl sarcosine) were added to the pellet, which was dispersed with spatula.
7.5 g of CsCl was added and dissolved by rotating the tube. 1.0 ml of ethidium
bromide(4.4mg/ml) was added and mixed. The mixture was centrifuged at 10,000 rpm at
4°C for 10 min. The density of the supernatant was readjusted to 1.55 with CsCl and
chromosomal DBA was banded by centrifugation in a Ti 75 rotor at 64,000 rpm at 20°C
for 16 hours. The chromosomal band was removed and extracted with TE-saturated
isopropanol to remove ethidium bromide. The DNA solution was dialyzed three times
against 2 liters of sterile TE buffer (10 mM Tris-HCl pH 8.0,1 mM EDTA). 5(ig of
purified DNA was completely digested with BamHI, which were run on 0.8% agarose
gel. The gel was Southern-blotted on a nitrocellulose filter (Southern, 1975). The filter
was hybridized with either the CAT gene probe (Maniatis et al., 1982d) or the
HEAAE-DNA specific oligonucleotides probe (Berent et al., 1985) which were labelled
with y-32P-ATP with T4 kinase. To check the segregation of HEAAE-DNA in the next
generation of transformed potato plants potato plants were induced from transformed in
vitro tubers and incubated until enough tubers were available. The tubers were harvested
and DNAs were extracted and analyzed by hybridization with the CAT probe as above.

6.

Expression of HEAAE-DNA and its Quantitation in

Transformed Potato Plants.
In order to ascertain whether HEAAE-DNA was expressed levels of specific RNA
and protein were determined. RNAs were extracted as follows: 15 gm of plant tissues
were mixed with 50 ml of RNA buffer (0.1 M Tris-HCl pH 9.0, 0.2 M NaCl, 10 mM
magnesium acetate, 0.25 M sucrose, 5 mM DTT) and homogenized with a homogenizer.
The homogenate was filtered through 8X cheese cloth and spun at 7,000 rpm for 10 min.
at 4°C. 20% SDS and 0.2 M EDTA were added to supernatant to final concentration of
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1% and 15 mM, respectively. The mixture was extracted with an equal volume of
phenol-chloroform two times and an equal volume of chloroform one time. RNAs were
recovered by ethanol precipitation two times. RNAs were dissolved in double distilled
water and mixed with an equal volume of 4 M LiCl and placed in refrigerator overnight.
RNAs were recovered by centrifugation and drying in vacuum, and were then
reprecipitated with ethanol. Poly A+ RNAs were prepared using Hybond-mAP according
to the manufacturer's manual (Amersham): mAp paper was prewet with 0.5 M NaCl.
RNAs in distilled water were heated at 60°C for 5 minutes. NaCl was added to a final
concentration of 0.5M. Hybond-mAP paper was placed on a few layers of filter paper cut
to the exact size of Hybond-mAP to insure that solution flows through mAP. When all the
RNA solution had been added, the mAP was washed in 3 changes of 5 ml of 0.5M
NaCl per 1 cm3, for 10 minutes each wash.The paper was placed in 70% (v/v)
ethanol/water for 2 minutes, then blotted dry on 3MM paper. The Hybond-mAP was
transferred to the minimum volume of double distilled water required to cover the paper
and incubated at 70°C in a water bath for 5 minutes.The Hybond-mAP paper was
removed and the poly A+ RNA remaining in water was recovered by ethanol
precipitation. Purified poly A+ RNA (5pg/lane) was fractionated by 1% agarose gel
electrophoresis using formaldehyde (Maniatis et al., 1982e) and the gel was blotted to a
nitrocellulose filter (Southern, 1975). The filter was hybridized with the CAT probe,
which was prepared and labelled as Method A.3.
Proteins were extracted and analyzed by Western blot as follows: Plant tissue was
ground and subsequently sonicated (10 seconds at 50W.) in extraction buffer (50mM
Tris-HCl, pH 7.5, 5mM dithiothreitol, 0.05% Triton X-100,50mM EDTA, 0.19mg/ml
phenylmethylsulphonylfiuoride).The mixture was centrifuged at 10,000 g for 10 min. at
4°C. The supernatant was taken and concentrated with acetone if necessary. The
concentration of proteins was determined (Bradford, 1976). 10 pi ( 50pg) of each sample
was mixed with 3 pi of sample buffer (0.125 M Tris-HCl pH 6.8, 20 % glycerol, 4%
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SDS, 10% B-mercaptoethanol, 0.5% bromophenol blue). It then was heated at 95°C for
10 min. and cooled. After running on a polyacrylamide gel at 120 volts until the dye
reached the bottom of the gel (12% for analyzing gel and 3.9% for stacking gel) it was
electroblotted on a nitrocellulose filter in transfer buffer (25mM Tris, 192 mM glycine,
20% (v/v) methanol) at 70 volts for 3 hours (Towin et al., 1979). CAT protein was
detected using horseradish peroxidase and CAT specific antibodies (Bers and Garfin,
1985). The nitrocellulose filter was blocked with blocking buffer (50 ml/100 cm2,1%
gelatin, 0.1% Tween 20 in PBS: 10 mM sodium phosphate pH 7 .4 ,0.15M NaCl, 3mM
KC1) for 1 hour on a rocker. Antiserum diluted (1:100) in blocking buffer was added (
25 ml/100cm2). After 2 hours incubation at room temperature on a rocker the filter was
washed three times for 5 min. each with 500 ml washing buffer (0.05% Tween 20 in
PB S). The filter was incubated in enzyme conjugate (goat anti-rabbit IgG, peroxidase
conjugated, diluted 1:600 in washing buffer, 25 ml per 100cm2) for 2 hours at room
temperature, and then washed as described above. The filter was incubated in substrate
solution which was made as follows: 30 mg of 4-chloro-l- naphthol was dissolved in 5
ml of ethanol. 50 ml of 0.05 M Tris-HCl pH 6.8, was added and 20 ml of 30%
hydrogen peroxide was added. After color developed, the filter was washed three times
with washing buffer and one time with distilled water. The filter was air-dried. To
quantitate the amount of proteins detected in western blot, the filter was subjected to
densitometric analysis.

B.

Expression of HEAAE-DNA in Transformed Tobacco Plants

Using A.tumefaciens Vector System

1. Construction of Recombinant DNAs.
An A. tumefaciens vector system was used in this experiment because we could
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have more flexibility due to its being used more widely. One of the difficulties with
A.umefaciens vector is that expression of tumor-forming genes makes it difficult to
regenerate healthy plants from transformed protoplasts. Recently a new vector sytem;
so-called disarmed A. tumefaciens vector (Horsch et al., 1984), was deveoped by
removing the tumor-forming genes, which made it possible to regenerate healthy plants
from transformed protoplasts. pMON237, an A. tumefaciens disarmed vector, was gift
of the Monsanto company. This vector has the 19S promoter of cauliflower mosaic virus
(CaMV) and the 3' end of nopaline synthetase gene as polyadenylation signal separated
by a polylinker. Additionally, this vector has a neomycin phosphotransferase II (NPTII)
gene with nopaline synthetase promotor and 3’ end of nopaline synthetase gene at the 3'
end. This allows for selection of transformed plants by their resistance to kanamycin. It
also has a spectinomycin/ streptomycin resistance gene, which is used as a selectable
marker in bacteria.
HEAAE-DNAs were cloned into pMON237 (Fig. 8): HEAAE-DNA fragment was
excised from pGA 415.10.3 using Bam HI and Bgl II. The 2.7 kb long fragment
containing the CAT was electroeluted, purified and cloned into Bgin site of polylinker in
pMON237. pMON237 was digested with Bglll and dephosphorylated with CAP and
ligated with the 2.7 kb long fragment from pGA105.10.3. Ligation reaction was used to
transform E. coli MM 294 and transformants were selected by their resistance to
kanamycin and spectinomycin. Transformants were screened to confirm the existence of
HEAAE-DNA as follows (Maniatis et al., 1982a): Bacteria were grown overnight in 5 ml
of LB with kanamycin (50 pg/ml) and spectinomycin (lOOpg/ml). The cells were
harvested and plasmid DNA was digested with EcoRl, which were analyzed by agarose
gel electrophoresis. Since two kinds of recombinant plasmids are possible, orientation of
the target gene was determined by restriction mapping (strategy of restriction mapping is
described in result). Clones with correct orientation were selected and the resultant
plasmid was called pMONP237.
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Fig. 8. Overall strategy to construct recombinant DNA, pMONP 237, and introduce it into A.
tumefaciens.
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2. Conjugation of A. tumefaciens with pMONP237
pMONP237 was introduced into wild type A. tumefaciens GV3111 by the
procedure called Triparentalmating: The three bacteria involved in this procedure
ansiE.coli MM 294 containing plasmid of interest, E. coli MM 294 containing the
mobilization plasmid pRK 2013, and A. tumefaciens GV3111SE as a recipient. The
mobilization plasmid pRK 2013 consists of the RK2 transfer genes cloned into a ColEI
replicon. The transfer(tra) gene are necessary for conjugal transfer of the plasmid into A.
tumefaciens. In the mating, the 2013 plasmid mobilizes into the E. coli containing the
plasmid of interest. Within this E. coli, 2013 provides transfer and the ColEI mobilization
proteins in trans, allowing the plasmid of interest to be mobilized into A. tumefaciens.
E.coli containing pMONP 237 were inoculated in 10 ml of LB with spectinomycin
(50|ig/m 1) and kanamycin(50jig/ml) and incubated at 37°C overnight while shaking.
A.tumefaciens GV3111 were inoculated in 10ml of LB with chloramphenicol (25pg/ml)
and kanamycin (50pg/m l) and incubated at 28°C overnight while shaking. E.coli /pRK
2013 was inoculated in 10 ml LB with kanamycin (50p.g/ml) and incubated at 37°C
overnight while shaking. The next day, the cells were diluted and grown to log phase.
One ml from each culture are mixed together in a sterile polystyrene tube, spun down and
resuspended in 2 ml of 10 mM magnesium sulfate. The mixture was transferred into a 5
ml syringe which was connected to a swinney filter apparatus. The culture was then
filtered onto the filter, and the filter disc was transferred sterilely onto a fresh, nondried
LB agar plate. The plate was incubated at 28°C overnight. The following day, the filters
were removed and placed into sterile tubes containing 2 ml of 10 mM magnesium sulfate.
The solution was vortexed to remove the cells from the filter disc. IOOjj.1 of the cells was
then plated on LB plate with spectinomycin (lOOpg/ml), kanamycin (lOOpg/ml) and
chloramphenicol (25pg/ml). The plates were incubated at 28°C for 3-4 days. The coloni
on the plates were inoculated into LB with spectinomycin (100|ig/ml), kanamycin
(100pg/ml) and chloramphenicol (25pg/ml) and incubated at 28°C for 1-2 days while
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shaking. 0.1 ml of the culture was spread on LB agar plates with spectinomycin
(100(J.g/ml), kanamycin (100|a.g/ml) and chloramphenicol (25|ig/ml) and incubated at
28°C for 1-2 days. Only A. tumefaciens which had an engineered Ti plasmid
containing CAT+HEAAE-DNA and spectinomycin/streptomycin resistance through
double crossover had spectinomycin/streptomycin resistance because pMON 237 had
ColEI replicon and could not replicate in Agrobacteria. To confirm that A. tumefaciens
contained the HEAAE-DNAs, plasmid DNAs were extracted from cells grown overnight
in LB media containing spectinomycin (100|ig/ml), kanamycin (100jJ.g/ml) and
chloramphenicol (25|Xg/ml) as described in Method A.3. The extracted DNAs were
digested with HindlD and StuI completely, and fractionated by 0.8% agarose gel
electrophoresis. The gel was Southern-blotted to a nitrocellulose filter (Southern, 1975),
and the filter was hybridized with the CAT probe (Maniatis et al., 1982b), which was
prepared and labelled as in Method A.3.

3.

Infection of Tobacco Plants with A . tumefaciens Containing

pMONP237 and its Regeneration.
Tobacco plants were infected with A. tumefaciens using the leaf disk
transformation-regeneration method (Horsch et al., 1985): A. tumefancies containing
pMONP237 was grown in 10 ml of LB with appropriate antibiotics at 28°C overnight
with shaking. The cells were spun down and resuspended in 5 ml of fresh LB. Disks
were punched from surface- sterilized leaves with a paper punch (6mm in diameter) and
submerged in A. tumefaciens suspension. After gende shaking to allow all edges to be
infected, the disks were blotted dry, submerged in a cefoxitine (lOOjig/ml) solution for
30 seconds to kill excess Agrobacteria , and then blotted dry. The disks were incubated
upside-down on nurse culture plates (Table 2). After 2-3 days, the disks were transferred
to petri plates containing the same medium but without feeder cells and containing
cefoxitine (100|ig/ml) and kanamycin (300|ig/ml). Shoots that developed were excised
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from calli and transplanted to appropriate root-inducing medium containing cefoxitine
(100|ig/ml) and kanamycin (100|ig/ml). Rooted plantlets were transplanted to soil as
soon as possible after roots appeared.

Table 2. Compositon of culture media for leaf disc transformation-regeneration o f tobacco plants: It was
based on Murashige and Skoog with additions as indicated. All numbers are in ppm otherwise indicated.

MS+

Nurse culture

Shoot-inducing medium

Root-inducing medium

B5 vitamins

+

+

+

Sucrose (%)

3.0

3.0

3.0

Benzyladenine

1.0

1.0

Naphthalene acetic acid

0.1

0.1

Agar (%)

0.8

0.8

0.8

pH

5.7

5.7

5.7

4. Detection of HEAAE-DNA Integration.
To check the incorporation of HEAAE-DNA into the plant genome, DNAs were
extracted from leaves of transformed tobacco plants as in METHODS A.5. About 5 [ig
of purified DNAs were digested with Hindin and StuI completely and fractionated by
0.8% agarose gel electrophoresis. The gel was Southern-blotted on a nitrocellulose filter
(Southern, 1975), which was hybridized with CAT probe (Maniatis et al., 1982b). The
CAT probe was prepared and labelled as in METHODS A.3.
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5.

Expression of HEAAE-DNA and its Quantification in

Transformed Tobacco Plants.
In order to confirm whether HEAAE-DNA was expressed levels of specific RNA
and protein were determined. RNAs were extracted from leaves of transformed plants as
described in METHODS A.6. Purified poly A+ RNA (5pg) was fractionated by 1%
agarose gel electrophoresis using formaldehyde and the gel was blotted to a
nitrocellulose filter (Maniatis et al., 1982e). The filter was hybridized with the CAT
probe (Maniatis et al., 1982b), which was prepared and labelled as described in Method
A.3. Proteins were extracted and analyzed as described in Method A.6. To quantitate the
amount of proteins detected in western blot, the filter was subjected to densitometric
analysis.

RESULTS

I. HEAAE-DNA Expression in Potato Plants.
A. Construction of Recombinant DNA.
When DEAAE-DNA was ligated to pGA414 and used to transform E. coli
H B 101,19 colonies grew on plates containing ampicillin (50 (ig/ml) and kanamycin (50
[ig/ml). To confirm the existence of HEAAE-DNA, nine colonies were subjected to
screening by digestion of plasmids with Eco RI followed by agarose gel
electrophoresis, which showed that 8 colonies had HEAAE-DNAs as insert DNAs and
one of them was a religation of the vector. The orientation of HEAAE-DNA in these
eight transformants was determined as shown in Fig.9. Plasmid pGA415.10.2(3) was
digested with the restriction enzyme Hhal, and fractionated by 1.0% agarose gel
electrophoresis. The bands containing HEAAE-DNA, 1650 basepair-long, were excised
and DNAs were electroeluted. These DNA fragments contain only one Xorll site in
HEAAE-DNA. Depending upon the orientation of HEAAE-DNA, digestion of fragments
from pGA415.10.2 with Xorll would produce 570 basepair-long and 1090
basepair-long fragments and those from pGA415.10.3 would produce 770 basepair-long
and 890 basepair-long fragments. The result of agarose gel electrophoresis of digestions
is shown in Fig. 10: Two of them (lanes 4 and 7 ) are pGA415. 10.3 and six of them
(lanes 3, 5, 6, 8,9, and 10) are pGA415.10.2. When pGA415.10.2 was cloned into
pFW105 and used to transform E. coli FIB 101,229 colonies were obtained, and 291
colonies for pGA415.10.3 and pFW105. Two of pFW105.10.2 and pFW105.10.3
were selected and miniscreened for the existence of HEAAE-DNA by digestion of
isolated plasmid with EcoRl and then 1% agarose gel electrophoresis, which showed
that all had the HEAAE-DNAs. Each of pFW105.10.2 and pFW105.10.3 were used to
transform wild type A. rhizogenes R1000.
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Hhal

Hhal

pGA415.10.2(3)

Hhal digestion
purify 1650 bp fragment
Xorll

Hhal

Hhal

U p G A 4 1 5 .1 0 .2

Hhal

Xorll

Hhal

3 p G A 4 1 5 .1 0 .3

p G A 4 1 5 .1 0 .2

I

Xorll digestion
gel electrophoresis
p G A 4 1 5 .1 0 .3

570 bp

770 bp

1090 bp

890 bp

Fig. 9. The strategy to determine the orientation o f the HEAAE-DNA in pGA415.l0.2(3) by restriction
mapping.
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Fig. 10. Determination o f the orientation o f the HEAAE-DNA in pGA415.10.2(3) by restriction
mapping: To determine the orientation of the HEAAE-DNA in pGA415.10.2(3), plasmids isolated from
transformants were digested with Hhal. The bands containing HEAAE-DNA, 1650 bp, were
electroeluted, digested with Xorll and analyzed by 1.0% agarose gel electrophoresis. Lane 1: size marker
(lamda Hindlll digestion), lane 2: 123 bp ladder, lane 3-10: samples from plasmid pGA415.10.2(3).
Molecular sizes are shown in kb.

B.

Transformation of A. rhizogenes and Selection of Double

Recombinants.
As a result of transformation of A. rhizogenes with pFW105.10.2(3), 12 colonies
of pFW105.10.2 and 8 colonies of pFW105.10.3 grew on MM plates with carbenicillin
(200|ig/ml), kanamycin (50|Xg/ml), and gentamycin (50|0.g/ml). After conjugation of
pPHlJI into A. rhizogenes containing pFW105.10.2(3) and incubation for several
generations, 6 colonies of pFW105.10.2 and 3 colonies of pFW105.10.3 were
obtained, all of which were resistant to kanamycin, ampicillin, and gentamycin and
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sensitive to tetracycline, which meant that they did not contain pFW105 derivatives. In
hybridization with the HEAAE-DNA probe to confirm the existence of HEAAE-DNA in
plasmids, no hybridization occurred, even in the positive control (see discussion). The
result of hybridization of plasmid DNAs with the CAT probe is shown in Figure 11.
Bam HI digestion excised a 6.4 kb fragment corresponding to pGA415.10.2(3) and the
bands hybridized with the CAT probe corresponded to 6.4 kb as expected, which
showed that all conjugated 9 colonies had the target DNAs in plasmids. When plasmid
DNAs were isolated and hybridized with the tetracycline resistance gene probe there was
no hybridization (data not shown), which confirmed that they had no pFW105
derivatives.

C. Infection with A. rhizogenes and Regeneration of Potato Plants.
Two colonies from each of pFW105.10.2(3) were used to infect potato plants.
Hairy roots (Fig. 12) began to emerge from the wound sites 2 weeks after plants were
wounded and inoculated with wild type or transformed A. rhizogenes. These roots were
excised approximately 4 weeks after inoculation and used to regenerate transformed
plants (Fig 13 and 14). In all cases tested, plantlets could be regenerated from
transformed roots. These transformed plandets were excised and propagated by single
node cuttings (Fig 15 ). The material was also transferred into liquid propagation media
and, at an appropriate stage, tubers were induced. In vitro tubers were analyzed about
8-10 weeks after induction. In vitro tubers were small, normally 3-5mm in diameter, but
were morphorogically and biochemically identical to field produced tubers (Fig. 16).
Thus this method allow for speedy and efficient screening of the transformed regenerated
plants for expression of foreign genes.
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Fig. 11. Southern hybridization analysis of transformed A. rhizogenes plasmid DNAs with the CAT
probe: To confirm the integration o f HEAAE-DNA into plasmid o f A. rhizogenes, the plasmid DNAs
isolated from transformed A. rhizogenes were subjected to Southern hybridization analysis with the
CAT probe. Each lane contained 2 pg og DNAs. Lane 1: positive control (pBR325 BamHI digestion),
lanes 2-7: Agrobacteria transformed with pFW 105.10.2, lane 8: Agrobacteria transformed with
pFW105, lane 9: Agrobacteria transformed with pFW105.10.3, lane 10: size marker ( lamda Hindlll
digestion), lanes 11-12: Agrobacteria transformed with pFW105.10.3, lane 13: Agrobacteria rhizogenes
R1000. Molecular sizes are shown in kb.
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Fig. 12. Hairy roots from potato plant infected with A. rhizogenes: Hairy roots started to develop from
the wound site where A. rhizogenes were infected. Four weeks after potato plants were infected with wild
type Agrobacteria or transformed Agrobacteria.

Fig. 13. Shoot formation from hairy roots: Shoots began to form from hairy roots cut from potato
plants. Hairy roots were transferred to regeneration medium 4 weeks later.
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Fig. 14. Shoot formation from hairy roots (time course): Clockwise from top at left, roots were
transferred to regeneration medium and shoots started to form from them.
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r

Fig. 15. Regenerated potato plant: Transformed plant was propagated by single node cut in culture tube.
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Fig. 16. In vitro potato tubers: In vitro tubers were small, normally 3-5mm in diameter, but are
morphorogically and biochemically identical to field produced tubers.

D.

Detection of HEAAE-DNA Integration and its Segregation in

Transformed Potato Plants.
Results of DNA hybridization with CAT and oligonucleotide probe are shown in
Figures 17 and 18, respectively. In hybridization with the CAT probe (Fig. 17) there are
distinct bands, in all lanes, corresponding to 6.4 kb as expected because the BamHI
digestion excises a 6.4 kb internal fragment corresponding to pGA415.10.2(3). Since
the positive control represents 5 copies of HEAAE-DNA, densitometric analysis shows
that transformed plants have 4-6 copies of HEAAE-DNA per haploid genome. In the
hybridization of nuclear DNAs from progeny (FI) plants, the bands correspond to 6.4
kb as parent. Densitometric analysis of bands compared with the positive control (5
copies) shows that the plants have 3-7 copies of HEAAE-DNA per haploid genome.
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Potato plants are normally asexually propagated, so there is no problem of segregation or
loss of the insert gene. As expected, there was neither segregation not loss of insert gene
in the case of transformed potato plants with HEAAE-DNAs.

1 2

3

4

5

6

7

9 . 4 -----------

4 - 4 -------------

2.3

------------

Fig. 17. Southern hybridization analysis o f transformed potato plant DNAs with the CAT probe: To
demonstrate the integration of HEAAE-DNA into the plant genome, plant nuclear DNAs were isolated
from transformed potato tubers and subjected to Southern hybridization analysis with the CAT probe.
Conditions for the analysis are described in MATERIAL AND METHODS. Lane 1: positive control
(pBR325 BamHI digestion), lanes 4 & 7: transformed plant with A. rhizogenes containing pFW105 as
negative controls, lanes 2-3 and 5-6: transformed plants with A. rhizogenes containing pFW105.10.3,.
Lanes 5-7 used potato plant K-2, lanes 2-4 used K-7. Molecular sizes are shown in kb.
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Fig. 18. Southern hybridization analysis of transformed potato plant DNAs with HEAAE-DNA specific
oligonuceotide probe: To demonstrate the integration of The HEAAE-DNAs into the plant genome,
nuclear DNAs were isolated from transformed potato tubers and subjected to Southern hybridization
analysis with the CAT probe. Conditions for the analysis are described in MATERIAL AND
METHODS. Lanes 1 & 6: positive control (pBR325 BamHI digestion), lanes 2 &10: transformed
potato plant with Agrobacteria with pFW105 as negative controls, lanes 3-5 and 6-9: transformed potato
plants with Agrobacteria containing pFW105.10.3. Lanes 2-5 used potato plant K-2, lanes 7-10 used
K-7. Molecular sizes are shown in kb.
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Fig. 19. Southern hybridization analysis o f transformed potato plant DNAs in second generation with
the CAT probe: To check the segregation of HEAAE-DNAs in transformed potato plants, nuclear DNAs
were isolated from progeny (FI) of transformed potato plants and were subjected to Southern
hybridization analysis with the CAT probe. Conditions for the analysis are described in MATERIAL
AND METHODS. Lanes 7 & 4: transformed potato plants with Agrobacteria with pFW105 as negative
controls, lanes 2-3 & 5-6: transformed potato plants with Agrobateria with pFW 105.10.2(3) lane 1:
positive control (pBR325 BamHI digestion). Lanes 5-7 used K-2 plants, and lanes 2-4 used K-7 plants.
Molecular sizes are shown in kb.
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E. Expression of HEAAE-DNA and its Quantitation in Transformed
Potato Plants.
The result of poly A+ RNA hybridization with CAT probe is shown in Figure 20.
We can see distinct bands in all samples, which correspond to approximately 1000
bases. CAT mRNA is approximately 700 bases long and the mHEAAE-RNA is 300
bases long, which would give 1000 bases messages. The quantity of mRNAs detected
does not match with copy numbers of HEAAE-DNA detected in the hybridization of
nuclear DNA, which implies that transcription of our insert gene may depend upon sites
into which insert genes have been incorporated or that RNA is degraded. Figure 21
shows bands corresponding to 38 kDaltons which have been detected with anti-CAT
antibody. CAT protein is 25 kDaltons and our HEAAE-protein should be 13 kDaltons
for a total of 38 kDaltons. The bands with lower molecular weights likely are
degradation products of 38 kDaltons proteins. The quantity of protein detected does not
necessarily parallel that of mRNAs. K-2 plants have a quite low level of protein detected
even though the amount of mRNAs are comparable in both plants. A possible
explanation is that degradation of the proteins was greater in K-2 plants. Densitometric
analysis of western blot data (Table 3) shows that the quantity of protein detected
comprise 0.02-0.35% of total plant protein. Sample 1 in the K-2 plant (lane 3) has 11
ng of detected proteins which corresponds to 0.02% of the total plant proteins. Sample 4
in K-7 (lane 6) has 177 ng of proteins detected which corresponds to 0.35% of the total
plant protein. Since one third of the proteins detected are encoded for by HEAAE-DNA
and protein A from HEAAE-DNA has a 10 times higher content of tryptophan than that
of potato proteins, 1.2% increase of tryptophan content can be expected by calculation in
the case of sample 4.
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Fig. 20. Nothem hybridization analysis o f poly A+ RNAs from transformed potato plants with the CAT
probe: To demonstrate the expression o f HEAAE-DNA into its mRNAs, poly A+ RNAs were isolated
from transformed potato tubers and were subjected to nothem hybridization analysis with the CAT probe.
Conditions for the analysis are described in MATERIAL AND METHODS. Lanes 1 &4: transformed
potato plants with Agrobacteria with pFW105 as negative controls, lanes 2-3 and 5-6: transformed potato
plants with Agrobacteria containing pFW105.10.3, lane 7: positive control (Hhal fragment o f pBR325,
1350 bases). Lanes 1-3 used K-2 plant, and lanes 4-6 used K-7 plant. Molecular sizes are shown in kb.
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Fig. 21. Detection of CAT specific proteins from transformed potato plants: To demonstrate the
expression o f HEAAE-DNA into its proteins, proteins were isolated from transformed potato tubers and
were subjected to western blot analysis. The proteins were detected with antibodies against CAT using
ELISA. Conditions for the analysis are described in MATERIAL AND METHODS. Lane 1: positive
control (CAT 3 (ig), lanes 2 and 7: transformed plants with Agrobacteria containing pFW105 as negative
controls, lanes 3-6: transformed plants with Agrobacteria containing pFW105.10.3. Lanes 2-4 used potato
plant K-2. lanes 5-7 used K-7. Molecular sizes are shown in kDaltons.

Table 3. Quantitation of western blot data of transformed potato plants by densitometric
analysis

total
integration

adjusted
integration

positive control (lane 1)

26860

negative contol (lane 2)

179

26681
0

sample 1 (lane 3)

280

sample 2 (lane 4)

amount of
percent of
proteins (ng) total proteins
3000
0
11
39

sample 3 (lane 5)

523
1127

101
344

0.02

948

107

0.08
0.21

sample 4 (lane 6)

1752

1573

177

0.35
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II. Expression of HEAAE-DNA in Transformed Tobacco Plants.
A.

Construction of Recombinant DNA, pMONP237, and

Conjugation of A. tumefaciens with them.
When the 2.7 kb fragment was ligated with dephosphorylated pMON 237 and
used to transform E. coli MM294 five transformants were obtained. The orientation of
insert DNA was determined as shown in Figure 22: The insert DNA fragments have a
Bgin cut at one end and a BamHI at the other end. The BamHI cut is compatible with the
BglH cut, so the fragment can be cloned in the Bgin site of pMON237. To avoid
religation of pMON237 with itself, it was treated with calf intestine alkaline phosphatase
(CAP). After ligation, there are two possible recombinant DNAs with different
orientation of insert DNA. Plasmids with correct orientation should be selected in order
to express the CAT+HEAAE-DNA. The plasmid with correct orientation would produce
0.4 kb and 12.5 kb fragments, while the plasmid with the wrong orientation would
produce 3.1 kb and 9.8 kb fragements when the plasmids were digested with Hindin
and Bgin. Agarose gel electrophoresis is shown in Figure 23, which demonstrates that
two of them (lanes 2 and 4) have the correct orientation. One of them was introduced
into wild type A. tumefaciens. Two hundred and sixteen colonies were obtained from
triparental mating. Seven of them were used for hybridization of their plasmid DNAs
with the CAT probe to confirm that their plasmids contained CAT-HE AAE-DNA
(Fig.24). There are distinct bands in all seven conjugants with expected length (4.8 kb)
because StuI and Hindlll digestion excises internal fragment of 4.8 kb containing 2.7 kb
fragment cloned into pMON237.
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Fig. 22. The strategy to determine the correct orientation o f pMON237 by restriction mapping.
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Fig. 23. Determination o f the orientation o f insert DNA in pMONP237 by restriction mapping: To
determine the orientation of the insert DNA in pMONP237, plasmid DNAs were isolated and digested
with Bglll and Hindlll. The digestion was analyzed by 1.0% agarose gel electrophoresis. Lane 1: size
marker (lamda Hindlll digestion), lanes 2-6: samples from transformwed E. coli with pMONP237.
Molecular sizes are shown in kb.

Fig. 24. Southern hybridization analysis o f conjugated A. tumefaciens plasmid DNAs with the CAT
probe: To demonstrate the integration of HEAAE-DNAs into plasmids o f conjugated A. tumefaciens,
plasmid DNAs were isolated and subjected to Southern hybridization analysis with the CAT probe.
Conditions for the analysis are described in MATERIAL AND METHODS. Lanes 1-7: A. tumefaciens
conjugated with pMONP237, lane 8: A. tumefiaciens conjugated with pMON237 as negative control,
lane 9: positive control (Bglll and BamHI digestion of pGA 415.10.3,2.7 kb). Molecular sizes are
shown in kb.

B.

Infection of Tobacco Plants with A. tumefaciens and its

Regeneration.
After leaf disks were transferred to shoot inducing medium, a few of them turned
yellow and calli did not develope from them. Calli started to form from most of the leaf
disks 2-3 weeks after leaf disks were transferred to shoot inducing media (Fig. 25).
Shoots developed from them (Fig. 26) 1-2 weeks after calli formed. They were excised
from calli and transferred to root inducing media. After 2-4 weeks, roots developed and
they were transferred to pots and grown until sufficient material was available.
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Fig. 25. Shoot formation from leaf disks: Calli started to form from them 2-3 weeks after leaf disks were
transferred to shoot inducing media. Shoots started to form from calli 2-4 weeks after leaf inoculation.

Fig. 26. Shoot formation from leaf disks (time course): From left at top to right at bottom.
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C. Integration of HEAAE-DNA.
The results of DNA hybridization with CAT probe is shown in Fig. 27, which
shows distinct bands corresponding to 4.8 kb because StuI and Hindin cut out the
internal fragment corresponding to 4.8 kb. Densitometric analysis of the bands shows
that transformed plants have 2-6 copies of HEAAE-DNA per haploid genome compared
with 5 copies as positive control. Sample 5 (lane 6) has two copies of HEAAE-DNA and
sample 3 (lane 4) has six copies of it.
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Fig 27. Southern hybridization analy sis o f transformed tobacco plant DNAs with the CAT probe: To
demonstate the integration o f HEAAE-DNAs into the plant genome, nuclear DNAs were isolated from
transformed tobacco plants and subjected to Southern hybridization analysis with the CAT probe.
Conditions for the analysis are described in MATERIAL AND METHODS. Lane 1: tobacco plant
transformed with pMON237 as negative control, lanes 2-7: tobacco plants transformed with pMONP237,
lane 8: positive control (pBR325 BamHI digestion). Molecular sizes are shown in kb.
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D.

Expression of HEAAE-DNA and its Quantitation in Transformed

Tobacco Plants.
In poly A+ RNA hybridization (Fig. 28), there are distinct bands which correspond
to approximately 1,000 bases which are the same as in transformed potato plants (see
RESULT l.D. and Fig. 20). In the case of sample 3 and 6 (lanes 4 and 7, respectively),
they have darker bands compared with other samples, which match with the amount of
proteins detected (Fig. 29). However, the amount of mRNAs detected does not match
with those of DNAs, which implies that transcription of our insert gene depends on the
location into which it has been incorporated. The result of protein detection is shown in
Figure 34. In protein detection (Fig. 29), there are distinct bands which correspond to 38
kDaltons molecular weight as expected. We believe once again that minor bands with
lower molecular weights as in transformed potato plants are degradation products of fused
38 kDaltons proteins. Densitometric analysis of western blot data (Table 5) shows that
the amount of proteins detected ranges from 79 ng (sample 1) to 326 ng (sample 3) which
corresponds to 0.16% to 0.65% of total plant plant proteins.
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Fig. 28. Nothem hybridization analysis o f poly A+ RNAs o f transformed tobacco plants with the CAT
probe: To demonstate the expression o f HEAAE-DNA into its mRNA, poly A+ RNAs were isolated from
transformed tobacco plants and were subjected to nothem hybridization analysis with the CAT probe.
Conditions for the analysis are described in MATERIAL AND METHODS. Lane 1: plant transformed
with pMON237 as negative control, lanes 2-7: plants transformed with pMONP237 (lane 2: sample 6,
lane 7: sample 1), lane 8: positive control (Hhal digestion o f sP 547,1650 bases). Molecular sizes are
shown in kb.
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Fig. 29. Detection of CAT specific proteins from transformed tobacco plants: To demonstrate the
expression o f HEAAE-DNA into its protein, proteins were isolated from transformed tobacco plants and
subjected to western blot analysis. The proteins were detected with antibodies against CAT using ELISA.
Lanes 1-6: transformed tobacco plants with pMONP237, lane 7: transformed tobacco plant with
pMON237 as negative control, lane 8: positive control (CAT 1 jig). Molecular sizes are shown in
kDaltons.

Table 4. Quantitation of western blot data of transformed tobacco plants by densitometric
analysis.
total
integration
positive control

adjusted
integration

amount of

percent of

protein (ng)

total protein

8113
16

8097
0

1000

sample 1

658

642

sample 2

858

842

79
104

0.16
0.21

sample 3

2659

2643

326

0.65

sample 4

1435

1419

175

0.35

sample 5

1291

157

sample 6

2620

1275
2604

0.31
0.64

negative control

0

321

DISCUSSION
It is clear that techniques exist to insert the HEAAE-DNA into plants using
Agrobacterium plasmids; however, the controlled transformation of plants by the use of
modified Agrobacterium is dependent on two features. First, the bacterium must be
capable of infecting the host plant. The usefulness of this infection process is limited, at
the present time, to a few major crop plants such as the potato. Second, tissue culture
techniques must be available for the regeneration of transformed plants. Cereals, such as
rice, com, and wheat, are also quite low in essential amino acid content and it would be a
significant advance to insert and obtain expression of HEAAE- DNA in these plants.
However, most cereals remain refractory to transformation by Agrobacterium.
Furthermore, techniques do not exist to routinely regenerate whole cereal plants from
single cells, a process which is extremely simple in the case of the potato although it
was reported that a certain variety of rice could be regenerated from a single cell (Yamada
et al., 1986). Therefore, in order to genetically engineer cereals we must exploit new and
different technologies. The potato is a model plant for tissue culture and its plasticity of
development allows intact plants to be regenerated from almost any plant part. It is
possible to infect potato plants with A. rhizogenes containing the HEAAE-DNA on a
modified plasmid and induce the formation of hairy roots, from which whole plants can
be regenerated. In addition, we have also regenerated transformed tobacco plants from
leaf tissue infected with A. tumefaciens containing HEAAE-DNA in their disarmed
plasmids.
In our begining experiments when we were attempting to demonstrate the presence
of the HEAAE-DNA in transformed Agrobacteria, we were unable to detect any
hybridization, even the positive control. The HEAAE-DNA is palindromic, so the single
strand would anneal with itself after it was denatured, and would thus be removed from
interaction with any sequences to be found in the transferred DNAs. As a result, we
decided to use the CAT structural gene as a probe. However, there is a problem
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when the CAT gene is used as a probe since we could not directly prove the existence
of HEAAE-DNA. To solve this problem, we used synthetic oligonucleotides (16 bases
long) specific to HEAAE-DNA. We could detect the existence of HEAAE-DNA from
transformed potato plants using the synthetic oligonucleotides. Furthermore, the
evidence for the expression of the HEAAE-DNA came from the results of hybridization
of poly A+ RNAs and western blot analysis. By hybridization of poly A+ RNAs, we
could detect a band of approximately 1000 bases in length which corresponds well to the
sum of 700 bases- long CAT mRNA plus the 300 bases-long HEAAE- mRNA. Utilizing
western blot analysis, it was possible to detect a band of 38 kDaltons which corresponds
to the sum of the 25 kDalton CAT protein and the 13 kDalton HEAAE-protein. These
latter two experiments confirm that the HEAAE-DNA has been expressed in transformed
plants.
To make a significant impact on the essential amino acid content of crop plants, the
synthetic genes must be expressed efficiently. However, the amount of HEAAE-protein
which must be produced within the tuber, to make a significant impact on the essential
amino acid content of the potato, has yet to be ascertained. According to our calculations,
if enough of the modified potato were fed to a 20 kg child to satisfy 20% of his caloric
needs (600g), then about 28% of the protein in the potato must be expressed as
HEAAE-protein to provide the proper balance of essential amino acids. Thus, if we can
achieve this level of expression of the HEAAE-protein then it is possible that the child
could satisfy a major portion of his essential amino acid requirement with such a
modified potato.
To effectively express this gene, it needs proper modulators such as strong
promoters and some sequences to enhance the translation. For example, it was reported
that the cauliflower mosaic virus 35S promotor is about one hundred times stronger than
the nopaline synthetase promoter which we used in our A. rhizogenes vector in the
expression level (Sanders et al., 1987). It was also reported that duplication of
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cauliflower mosaic virus 35S promotor sequences could create a strong enhancer in
plants (Kay et al., 1987). Other modulators which have been known to enhance the
translation of genes such as plant viral leader sequences (Jobling and Gehrke, 1987) can
also be used to enhance its translation. Given the appropriate modulators, we believe it
should be possible to achieve the level of expression required to satisfy the need
mentioned above (Fig. 30).
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Fig.30. The essential amino acid profile of the putative nutritionally complete modified potato tuber:
The data presented assumes the consumption o f 20% of the caloric requirement (600g) of the modified
potato tuber for a 20 kg child. The shaded rectangles indicate the essential amino acids provided by the
HEAAE-protein showing that with the correct level of expression the essential amino acid deficiencies of
the potato can be overcome. The potato would thus become a complete food.
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The potato, like many important plants, contains its food deposits in a specialized
organ, in this case, a tuber. It would be of little importance to improve the nutritional
value of potato leaves as these are not consumed. Thus the ultimate goal of this research
is to obtain high level expression of HEAAE-DNA only within the tuber (Jaynes et al.,
1987). This will increase the gene's value and importance as an inheritable genetic trait if
this goal can be accomplished. At the present time, we lack the knowledge concerning
those genetic elements required for tissue- specific gene expression. An alternative
approach would be to isolate a tissue specific gene, modify it, and insert it back into
plants. In the case of potatoes, patatin, the major potato tuber protein, is a family of 40
kDaltons glycoprotein that constitutes forty percent of the soluble protein in tubers
(Rosahl et al., 1986). Therefore, the patatin gene would be a good candidate using our
synthetic gene and obtain the tissue specific expression of the HEAAE-DNA.
When foreign genes or modified genes are introduced and expressed in living
organisms, the stability of the newly synthesized protein should be considered.
Unfortunately, reliable methods which predict the stability of new proteins are not
available and it is a difficult task to design new proteins with high stability. Due to recent
advances in protein chemistry, we can speculate on the structure and stability of new
proteins much better than before. By virture of these recent advances in protein
chemistry and DNA synthesis, we are trying to design a new protein with high essential
amino acid content and high stability.
One of the drawbacks of Agrobacterium -mediated plant trasformation is that
monocots, all cereals, are not susceptible to Agrobacterium infection. An alternative way
to introduce foreign DNAs into plants has been developed utilizing electroporation
(Fromm et al., 1985) and microinjection (Crossway et al., 1986). A number of genes
have been introduced into plant protoplasts successfully using electroporation. Optimal
conditions for efficient DNA uptake in terms of voltage, temperature, DNA
concentration and conformation have been studied (Rabussay et al., 1987). Intact plants
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might be regenerated from their protoplasts if tissue culture techniques are available. But
unfortunately, for most cereal plants the tissure culture techniques to regenerate the
intact plants are not available, even though it was reported that rice plants could be
regenerated from their protoplasts (Yamada et al., 1986). In addition, success in
introducing foreign DNA and obtaining its expression using direct microinjection into
plant stems was reported (Pena et el., 1987). This group injected DNAs into young
floral tillers of rye plants and detected its expression. This procedure did not involve
tissue culture techniques, so it would be a good method to introduce foreign genes into
cereal plants which are usually impossible to regenerate into intact plants from their
protoplasts. With this background, we are trying to introduce and express our
HEEAE-DNA in cereals such as rice or com using direct microinjetion or electroporation
We have demonstrated that it is now possible to incorporate desirable genes into the
potato via the methods of recombinant DNA technology, plant molecular biology, and
plant cell tissue culture. The major limitation to the large-scale application of these
techniques, for the improvement of the potato and other crop plants, is the general lack
of knowledge about useful plants genes and how to identify, isolate, and purify them.
This dissertation has highlighted an innovative approach-if desirable genes cannot be
located and purified, then they can be constructed synthetically. When applied to the
genetic engineering of an economically important basic food crop with an agronomicaly
significant synthetic gene we believe this will eventually culminate in a modified potato
with superior nutritional qualities.
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